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Introduction
Electroencephalography (EEG) is a useful and noninvasive investigation method in patients with neurological disease and especially epilepsy. In addition, the quantitative EEG could be of clinical assistance in diagnosing various conditions affecting brain function (Duffy et al., 1994) . Unfortunately, lack of cooperation, pain, anxiety or even aggressive behaviour often prevents EEG examination in animals, and chemical restraint or anaesthesia is necessary. Whichever agent is used, a dose-related slowing of the dominant frequency of the EEG and the loss of usual individual variability of the EEG activity is usually noted. Moreover, different drugs can produce widely different dominant EEG frequencies (Clark and Rosner, 1973) and peculiar EEG patterns (Daube et al., 1990) . The available information on EEG patterns of normal dogs under anaesthesia is controversial and unclear (Steiss, 1988) and data have been collected under different recording conditions, using various techniques and derived from dogs of different breeds, various ages and often unknown clinical history.
Propofol is an anaesthetic drug widely used in clinical practice to induce and maintain general anaesthesia in dogs (Hall and Chambers, 1987; Short and Bufalari, 1999) . Propofol anaesthesia is characterized by rapid onset, rapid hepatic metabolism, lack of accumulation on repeated administration, some respiratory depression, and a rapid and smooth recovery from anesthesia (Glen, 1980; Watkins et al., 1987) , although neurological sequelae have been reported (Davies, 1991; Smedile The Veterinary Journal 166 (2003) [58] [59] [60] [61] [62] [63] [64] [65] [66] The Veterinary Journal www.elsevier.com/locate/tvjl et al., 1996) . The cardiovascular depressant effects of propofol are well tolerated in healthy animals, but these effects must be considered carefully in patients with intrinsic cardiac disease. It has been shown that propofol suppresses seizures and may have anticonvulsant properties in experimental animal models of epilepsy (Lowson et al., 1990) . As a result, propofol has been used in the treatment of seizures (Steffen and Grasmuek, 2000) and in diagnostic EEG recordings (Jaggy and Bernardini, 1998) in veterinary medicine. Marked decreased registration of brain activity, as well as artifactual paroxysmal activity, can be avoided in diagnostic EEG recordings under propofol anaesthesia (Jaggy and Heynold, 1998) . Since the neural effects of propofol are mediated, at least in part, by the activation of the GABA A receptor complex (Trapani et al., 2000) and, unlike barbiturates, propofol does not increase the seizure threshold (Committee on Safety of Medicine, 1989) , it has been used in EEG recording of neurological patients (Jaggy and Bernardini, 1998) without suppressing spontaneous epileptiform activity or inducting paroxysmal discharge. In humans, propofol concentration-effect relationships are well established and predictable (Casati et al., 1999) , and it has been reported that propofol produces similar dose-dependent effects on EEG activity in patients with or without a history of seizure disorders (Wang et al., 1997) . Moreover, propofol in low-dose target concentrations has been used to induce ''sleep on demand'' and to increase spike activity in patients with mesial temporal lobe epilepsy (Leijten et al., 2001 ).
The present study was designed to investigate the effect of propofol anaesthesia on quantitative EEG (q-EEG) in healthy dogs in order to determine objective guidelines for diagnostic EEG recordings and interpretation.
Materials and methods

Dogs
Ten female and ten male intact laboratory beagle dogs were used in this study. The animals were involved in an experiment designed to test immunological reagents and, according to Swiss laws, were required to be euthanased. The study was performed at the Department of Clinical Veterinary Medicine, University of Bern, Bern, Switzerland and in accordance with the ''Guide for the Care and Use of Laboratory Animals'' .
The age of the dogs ranged from 13 to 14 months (mean value ¼ 13.7 months) and their body weight (BW) averaged 12.69 kg (range: 10.6-17 kg). All dogs were found to be normal on clinical examination. Twentyfour hours prior to anaesthesia and EEG recording, venous blood was sampled to evaluate the metabolic and haematological profiles (sodium, chlorine, potassium, calcium, phosphorus, total proteins, albumin, globulin, albumin/globulin, urea nitrogen, creatine phosphokinase [CPK] , glucose, cholesterol, lipase, ALT, AST, alkaline phosphatase [ALP], pre-and post-prandial bile acids, total bilirubin, complete blood count, and differential leukocytes count). Urine analyses were not performed. Food, but not water, was withheld for 8-12 h prior to induction of anaesthesia. After EEG recording, cerebrospinal fluid was collected from the cerebellomedullary cistern and analyses were carried out immediately.
Anaesthetic protocol
A 20 gauge over-the-needle catheter was placed in one of the cephalic veins and flushed with saline. Anaesthesia was then induced with propofol (Diprivan, AstraZeneca) given intravenously (IV) as a slow injection (60 s) at a dose of 6 mg/kg until endotracheal intubation was possible. The endotracheal tube was connected to a circle breathing system and oxygen was administered at a flow rate of 1 L/min. The dogs were positioned in sternal recumbency. An oesophageal stethoscope was placed for cardiac auscultation. A pulse oximetry probe (Vet Ox TM 4403 Pro Vet) was applied to the tongue and measured pulse rate and haemoglobin saturation of oxygen (SpO 2 ). Arterial blood pressure was determined using a non-invasive method (Datex Cardiocap) with the cuff placed on the foreleg over the metacarpal artery. An electrocardiogram (ECG) (Datex Cardiocap) was continuously monitored using lead II. Respiratory rate and end-tidal carbon dioxide (ETCO 2 ) tension were measured from the connection of the endotracheal tube and the circle system (Datex Normocap CO 2 Monitor). ECG and respiratory rate were recorded also via polygraphic electrodes of the electroencephalogram (EEG) (X 1: sensitivity ¼ 70 lV/mm, time constant ¼ 0.1 s, Hf ¼ 30 Hz; X 2: sensitivity ¼ 20 lV/mm, time constant ¼ 0.3 s, Hf ¼ 30 Hz); the polygraphic electrodes were connected to alligator clips (thin cable for bridge electrode, BIONEN S.a.s.) and a volumetric transducer applied to the chest (thoracic respiratory transducer, BIONEN S.a.s.). Physiological parameters were recorded every 5 min. Rectal temperature was measured throughout the investigation but no attempt was made to maintain pre-anaesthetic values. A light plane of anaesthesia was maintained using a continuous IV infusion of propofol (0.5-0.9 mg/kg/min) administered by a syringe pump (Becton-Dickinson Pilot Anaesthesia CE 0459). The infusion rate was altered depending on clinical judgement (normal recordings for pulse rate, heart rhythm, respiratory rate, endtidal carbon dioxide tension, systemic arterial blood pressure and saturation of haemoglobin, and the lack of spontaneous movement and a slight palpebral reflex). Lactated RingerÕs solution was administered IV at a rate of 10 ml/kg /h.
Electroencephalographic recordings
After endotracheal intubation, a 17 channel monopolar montage (F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2; sensitivity ¼ 5 lV/mm; time constant ¼ 0.3 s; Hf ¼ 30 Hz; Notch and Muscular filters inserted; reference: on the bridge of the nose between the eyes; ground: caudally to the external occipital protuberance) was used to record bio-electrical activity. Intramuscular lidocaine injections were not used. Nineteen EEG needles (thirty-gauge 15 mm monopolar stainless steel needle electrodes, BIONEN S.a.s.) were used as subdermal active, reference, and ground electrodes. A method of standardized placement of EEG electrodes ( Fig. 1) , similar to the 10-20 international system used for the humans, was used as described by Bergamasco et al. (1999) . Five minutes after intubation, EEG recording was started and continued for 20 min. Then EEG data were stored on an optical disk (13.335 cm Optical Disk Cartridge, OC-800 786 Megabytes, Maxtor) in an acquisition station (Sirius Galileo System) for later analyses.
Visual examination
Before performing the quantitative analysis of the bio-electrical activity, visual examination of the EEG traces of all the dogs was done. Special emphasis has been placed on artefact detection and elimination, because they strongly affect frequency analysis of the EEG (q-EEG). Ocular movements, cardiovascular and muscular activity, physiological rhythmic movements, or artefacts depending on recording environment (i.e., electrical interference of the powered devices connected to the animals, movement of personnel, acoustic interference) can lead to an incorrect interpretation of the quantitative analysis. For these reasons, from the original sample of twenty dogs, we selected 10 subjects (B07, B08, B10, B12, B13, B14, B15, B18, B19, and B20; mean age ¼ 13.8 months; average weight: 12.71 kg) whose EEG recordings were free from any kind of artefacts.
Quantitative analysis
Bio-electrical activity was analysed by a server (Star Galileo System) using an integrated software programme (Fast Fourier Transform, FFT) at the Neurosciences Department of Turin University. Ten replications of sixty, artefact-free 2-s epochs were selected randomly at three different intervals: (a) 
Statistical analysis
A Kolmogorov-Smirnov test for normality was employed to check the gaussian distribution of q-EEG data and common logarithmic transformation of data was performed in order to obtain the best approximation of normal distribution for the absolute power of spectral analysis (Graph Pad InStat 3). One-way ANOVA in repeated measures was used to value significant differences among the three groups P1, P2, and P3 (Graph Pad InStat 3). The difference between means was considered significant if P < 0:05.
Results
The metabolic and haematological profile of the dogs in this study were within normal limits (Willard et al., 1999) , as were the results of the cerebrospinal fluid samples (protein < 25 mg/dl; cells/cmm < 5; Pandy test: negative). All physiological parameters recorded during the anaesthesia remained within normal ranges (Short, 1987) .
For neuropathological evaluation, the selected dogs for q-EEG were euthanased by barbiturates. Brain and spinal cords were processed for routine histopathological evaluation, the results of which were normal.
The preliminary visual examination of EEG recordings from the dogs revealed spindles, k-complexes, vertex sharp transients, and positive occipital sharp transients that were superimposed on a low background activity (Fig. 2 ). All these features had a different expression in frontal derivations compared to central and posterior derivations. k-Complexes were detectable in all the derivations, although their main expressiveness was located at the vertex (Cz). Spindles were asymmetrically distributed over both hemispheres. Vertex sharp transients were mainly expressed at the vertex (Cz), but were also detected at Fz and at the adjacent electrodes (F3, F4, C3, C4 ). Positive occipital sharp transients were detectable in O1 and O2, as well as in posterior derivations.
The results of the q-EEG findings of the three groups (P1, P2, P3) are summarized in Figs. 3 and 4. We found a prevalence of slow rhythms d (0.5-4.0 Hz) and h (4.5-8.0 Hz) in all groups, while fast rhythms a (8.5-12.9 Hz) and b(12.5-30.0 Hz) were poorly represented. d rhythms showed a mild progressive increase in both absolute and relative power data for all groups. Absolute power data reported no significant differences for h, a, and b frequency bands, but d rhythm showed a significant increase (P ¼ 0:0011). We also noted a progressive decrease of the median frequencies (Table 1 ) and the different power ratios between the three groups that had shown an uniform light plane of the anaesthesia throughout the EEG recording. However, no statistical significance was found. The light plane of the anaesthesia was assessed clinically by lack of spontaneous movement and slight palpebral reflex.
The results on the topographic distribution of the quantitative data recorded from the scalp are summarized in Fig. 5 . We found a similar distribution of fast a and b rhythms with a pronounced antero-posterior subdivision. Slow rhythms are more complex. The results on d frequency bands do not show the anteroposterior subdivision, but a dominant localization in O and a minimum value in TC. h frequency bands started with an antero-posterior subdivision, but were less pronounced as fast frequency bands of the anterior (F-TC) and posterior (TP-O) electrode sets.
The results of the electrode set (a) (F without Fz, TC without Cz, TP without Pz and O) shared the same trend and distribution of the signal described above, but did not have a pronounced antero-posterior subdivision. The results of medial sagittal line electrodes ((b) Fz, Cz, and Pz) (Fig. 6) indicate that the maximum values of d rhythm were found in Pz of the posterior electrodes (TP), and the minimum values in Cz of the anterior electrodes (TC). h Rhythm showed a maximum value in Cz and a minimum in Pz, as well as a and b. No statistical differences of the topographic distribution between the three groups were observed.
Discussion
Propofol is alleged to possess both pro-and anticonvulsant properties, leading to controversy regarding its use in human patients with a history of seizures (Committee on Safety of Medicine, 1989) . Neurological side effects may be due to the action of propofol on specific areas of the central nervous system that produce seizure-like activity. Hopkins (1988) suggested implication of the dopaminergic pathways, whereas Soar et al. (1990) hypothesized an effect on glycine metabolism in subcortical structures. Fiset et al. (1999) suggested, in a positron emission tomographic study, that propofol acts on the reticulothalamic system and that some cortical areas are more sensitive to the GABAergic inhibition caused by propofol on the basis of their network of corticocortical connections. In addition, they reported an increase in regional cerebral blood flow in the cerebellum that might be related to the initial increase in muscle tone and jerking movements frequently seen in the early stage of propofol-induced general anaesthesia. However, propofol also affects both serotoninergic (Shyr et al., 1997) and cholinergic (Flood et al., 1997) neurotransmitter systems. It has been reported (Tung et al., 2001 ) that low doses of propofol potentiated the effects of GABA on the GABA receptor, while higher doses directly activated the GABA A receptor (Hales and Lambert, 1991) . It is possible that at low doses propofol has a disinhibitory effect, and at higher doses it has an antiepileptogenic effect by raising the excitatory threshold (Baraka and Aoud, 1997) . Conversely, Glowaski and Wetmore (1999) reported that propofol in low dosage did not cause excitement and the authors Fig. 3 . Absolute (lV 2 ) power data (mean AE SEM) recorded from all the electrodes of the four frequency bands (d, h, a, and b) in the three groups (P1, P2, and P3). **P < 0:01 (one-way ANOVA in a repeated measure) for d absolute power data. proposed its use for sedation of small animals undergoing non-painful procedures. However, the molecular mechanisms underlying the sleep-inducing effects of propofol as well as its pro-convulsant properties are incompletely understood (Trapani et al., 2000) and controversy on its use are still present in the literature. In veterinary medicine, propofol has been used successfully to control seizures occurring after surgical treatment of portosystemic shunts in dogs and cats (Heldman et al., 1999) and refractory seizures of intracranial origin (Steffen and Grasmuek, 2000) . Dystonic movements in dogs following propofol anaesthesia have been described (Smedile et al., 1996; Davies, 1991) . Both activation of the EEG and burst suppression have been reported in human patients affected by epilepsy under propofol anaesthesia at different dosage regimens (Smith et al., 1996) . EEG burst suppression has been reported under propofol anaesthesia in the dog (Kusters et al., 1998) but Soriano et al. (2000) reported that electroencephalogram spikes due to spontaneous activity or cortical stimulation were well detected under propofol anaesthesia during awake craniotomies in children. Samra et al. (1995) reported that they were unable to demonstrate a significant change in epileptiform activity with sedative doses of propofol in human patients suffering from complex partial epilepsy. Diagnostic EEG recordings under propofol anaesthesia were performed in dogs with idiopathic epilepsy (Jaggy and Bernardini, 1998) and these authors also reported that paroxysmal discharges detected on the EEG can be consistent with the interictal epileptic activity, suggesting that propofol anaesthesia does not suppress spontaneous epileptiform activity.
It would seem that the EEG findings are dose-related and eventual paroxysmal discharges could correlate with low doses of propofol (Leijten et al., 2001) . In the present study we did not observe any excitatory phenomena as reported in other studies where propofol was used as the sole anaesthetic agent or in combination with other drugs (Bufalari et al., 1995 (Bufalari et al., , 1996 ; moreover EEG burst-suppression or paroxysmal activity were not observed. The effect of the dosage of propofol used in the present study was associated with an increase in the slow frequency band d on the raw EEG, whereas faster frequency bands a and b were constant throughout the recording.
Since important EEG transients are overlooked by data processing techniques, EEG data must be examined and interpreted visually along with any computer-based EEG analysis. In addition, EEG visual inspection can identify a variety of artefacts that should be rejected in order to perform an accurate EEG quantitative analysis. Techniques for the automatic detection and rejection or minimization of artefacts have been devised (Barlow, 1986) , but none has yet reached an adequate level of reliability.
Spindles in the EEG traces of the present study were most probably induced by the anaesthetic agent (Fiset et al., 1999; Romano et al., 1990) . and were comparable to the superimposed low amplitude-fast activity reported in two medetomidine-propofol EEG activity studies (Accatino et al., 1997; Jaggy and Bernardini, 1998) and morphologically similar to those appearing in non-REM (N-REM) sleep of humans (de Feo and Mecarelli, 1995) . The localization of spindles is of importance too. They were mainly noted in fronto-central derivations and along the median sagittal electrodes. This distribution pattern is different from the localization of the superimposed low amplitude fast activity reported in dogs with idiopathic epilepsy (Jaggy and Heynold, 1998) . Interictal EEG recordings of dogs revealed widespread distribution of abnormal activity. Data from the present study and from that of Jaggy and Heynold (1998) argue a difference between normal, well localized spindle activity in healthy animals, and epileptogenic, widespread activity in epileptic dogs.
The background activity must be also considered when a diagnostic EEG is performed. There are several neurological impairments that are not related to abnormal transients on the raw EEG, but the background EEG pattern can be affected (dÕOnofrio et al., 1996; John et al., 1988) . In these cases, q-EEG can offer information about the frequency content that are missed from visual examination. Widespread distribution of d activity noted in this study agrees with data from human literature (Reves et al., 1994; Romano et al., 1990) . Data from the veterinary literature indicate a depression of the total amplitude of brain wave activity when propofol is used as an induction drug for inhalant anaesthetic agents in dogs (Bufalari et al., 1998) . Good correlation has been shown between the MF and the blood concentrations of propofol in humans (Sch€ u uttler et al., 1985) . Similar slowing of the EEG (i.e., decrease of the MF) with increasing anaesthetic concentrations was noted in dogs and was enhanced by power ratios (Drummond et al., 1991) . Statistical analysis pointed out that the progressive increase in d band along the three groups was significant and probably propofol dose-dependent.
Results on the topographical distribution of the quantitative bio-electrical data correspond well with the human data (Russell, 1995) . Faster frequency activity was predominantly noted in the more anterior regions of the scalp of humans under sedation. This observation was independent from the anaesthetic agents which were used for sedation. The data from our dogs were comparable. In addition, slowing in the h and d frequency ranges was initially more prominent in anterior areas but later become generalized. Medial sagittal line electrodes seemed to contribute strongly to the reported topography in our study.
The results of the present study show that propofol anaesthesia induced by a bolus of 6 mg/kg followed by continuous intravenous infusion (0.5-0.9 mg/kg/min) produces a characteristic EEG background activity pattern with prevalence of slow rhythms d and h. No abnormal EEG transients were reported.
Furthermore, spindles appeared to be a constant EEG feature in anaesthetized dogs whether healthy or affected by idiopathic epilepsy (Jaggy and Bernardini, 1998; Srenk and Jaggy, 1996) . These findings suggest that spindles are most probably related to propofol anaesthesia, as reported also in humans (Mahla et al., 1992) . Differences in the distribution of spindles in the two dog populations suggest this may be of clinical importance in the confirmation of idiopathic epilepsy.
The topographic antero-posterior subdivision provides useful information for the diagnostic examination of the background EEG activity in dogs anaesthetized with propofol. The baseline localization of the different frequency bands should be taken in to consideration when a pathological EEG is analysed. Therefore, fast activities observed in epileptic patients or slow rhythms in cases of brain neoplasia should be interpreted in the light of the topographical distribution of the different frequency bands.
